Enhances Antitumor Effect of Anti-CD137 Therapy in a Mouse Glioma Model. Radiat. Res. 173, 426-432 (2010).
Previously, we reported that peripheral vaccination of mice with modified autologous tumor cells secreting granulocytemacrophage colony-stimulating factor (GM-CSF) combined with ionizing radiation to the whole brain cured 50% of mice using a syngeneic, intracranial model of murine high-grade glioma. Here, we tested the combination of radiotherapy (4 Gy 3 2) with an immunotherapeutic approach using an anti-CD137 antibody directed to the co-stimulatory molecule CD137. The CD137 antibody has shown promise in generating effective antitumor responses in several animal models and has demonstrated a favorable toxicity profile in the clinic. The combination of radiation and anti-CD137 therapy resulted in complete tumor eradication and prolonged survival in six of nine (67%) mice with established brain tumors (P = 0.0009). Five of six (83%) long-term survivors in the combination group demonstrated antitumor immunity by rejecting challenge tumors. Antitumor immunity was associated with an increased number of tumorinfiltrating lymphocytes (TILs) in brain tumors and increased tumor-specific production of cIFN. In view of the finding that radiation enhanced the antitumor effect of anti-CD137 therapy, this approach should be studied further for clinical translation. g 2010 by Radiation Research Society
INTRODUCTION
The current standard of care for glioma uses adjuvant chemoradiotherapy with the alkylating agent temozolomide (1) . Most recently, the anti-angiogenic monoclonal antibody bevacizumab has been used in patients with recurrent glioma in combination with radiotherapy and irinotecan or carboplatin (2) . Despite all these approaches, only a small increase in overall survival has been achieved.
To improve these disappointing results, immunotherapy for gliomas has been explored, including passive and active immunotherapy strategies (3) . Antibodies targeting the epidermal growth factor receptor such as cetuximab (Bristol-Myers Squibb) have been shown to increase the effects of radiotherapy and chemotherapy. Adoptive Tcell therapy uses autologous CD8 z T cells specific for a given antigen, such as the glioma-associated antigen gp100, are expanded ex vivo and reinfused into the patient. Another immunotherapeutic approach for gliomas has been a form of active immunotherapy that uses tumor-derived vaccines. In this case a lysate derived from the tumor is used to expand autologous CD8 z T cells specific for a given antigen, such as the glioma-associated antigen gp100, ex vivo for reinfusion into the patient. To date these trials have demonstrated safety and some preliminary efficacy (4) (5) (6) .
Our group has explored strategies to merge standard radiotherapy with immunotherapy. We have used for preclinical testing an experimental mouse glioma model that mimics the aggressive and invasive growth observed in human brain tumors (7) . In this model, we have shown that peripheral vaccination of mice with modified autologous tumor cells secreting granulocyte-macrophage colony-stimulating factor (GM-CSF) combined with a modest dose of ionizing radiation to the whole brain can cure well-established brain tumors in about half of the animals (8) .
In the present study we tested an alternative immunotherapeutic approach using an antibody directed to the co-stimulatory molecule CD137 (4-1BB), which has shown promise in generating effective antitumor responses in various animal models of cancer (9, 10) .
CD137 is a membrane protein, a member of the tumor necrosis factor receptor (TNFR) family, that has been shown to augment CD4 and CD8 T-cell responses (11) (12) (13) (14) . It is expressed on activated CD4 z and CD8 z T cells, NK cells and monocytes (15) (16) (17) . Binding of 4-1BB to its ligand (4-1BBL) induces a signaling cascade in T cells that promotes their activation, survival and growth (18, 19) . Anti-CD137 antibody treatment of tumor-bearing animals has been shown to enhance antitumor immunity in several preclinical models of cancer including P815 mastocytoma, AG104A sarcoma, GL261 glioma, 10.2 fibrosarcoma, CT26 colon carcinoma, EL4 lymphoma and B16F10 melanoma (20) (21) (22) (23) (24) (25) .
The growing awareness that radiotherapy-mediated effects can make tumors more amenable to immune recognition has encouraged testing its combination with novel immunotherapy approaches (26, 27) . We hypothesized that a low therapeutic dose of ionizing radiation would induce local tumor cell death, providing signals to enhance presentation of tumor-derived antigens to antitumor T cells (28, 29) .
Administration of whole-brain radiation treatment first was based on the rationale that T-cell activation could occur prior to anti-CD137 treatment that then would support the expansion and survival of antitumor T cells. Since the human version of the CD137 antibody is currently in clinical trials with promising results, it appears to be a good candidate to test with radiotherapy in preclinical models.
MATERIALS AND METHODS

Mice
Female C57BL/6 mice were obtained from Taconic (Germantown, NY) and maintained under aseptic conditions in microisolator cages. All animal studies were performed under a protocol approved by the Institutional Animal Care and Use Committee at New York University School of Medicine. The mice used for the experiments weighed 20 g and were 10 to 12 weeks old, as described previously (8) .
Tumor
The GL261 is a poorly immunogenic glioma line that was induced through intracranial implantation of 20-methylcholanthrene pellets into brains of C57BL/6 CRL mice (30) . Cells were cultured in 5% CO 2 and 95% humidified air atmosphere at 37uC in Dulbecco's modified Eagle's medium (DMEM) (Gibco BRL, Grand Island, NY) supplemented with 10% fetal bovine serum (Atlanta Biologicals, Norcross, GA), 0.25% gentamicin (Gibco BRL) and 1% L-glutamine (Gibco BRL) as described previously (7). GL261 cells were cultured to subconfluence, trypsinized, washed twice in DMEM without serum, and resuspended in DMEM for inoculation into the brains of mice.
Anti-CD137 Antibody
A rat IgG2a mAb against mouse CD137 (BMS-469492, clone 1D8) was produced and purified by Bristol-Myers Squibb (Princeton, NJ). Anti-CD137 mAb was certified to have ,0.5 EU/mg endotoxin level, .95% purity and ,5% high-molecular-weight species. Bristol-Myers Squibb provided us with the anti-CD137 mAb for these experiments. Stock solutions of anti-CD137 mAb were kept at 280uC and were thawed on ice prior to use.
Ionizing Radiation and Anti-CD137 Therapy
Mice were anesthetized to ensure immobilization to allow radiation to be delivered directly to the tumor-bearing hemisphere. Radiation was delivered to the head of the mouse centered in a 5-cm radiation field using a 60 Co radiation source (Theratron 780-C, AECL Medical) on days 15 and 17 after implantation. The total radiation dose administered was 8 Gy (4 Gy 3 2) given at 48-h intervals as described (8) . We have shown that GL261 cells express low levels of major histocompatibility complex (MHC) molecules that become upregulated in response to 4 Gy ionizing radiation in vitro and in vivo (8) . In our experience, use of fractionated radiotherapy given at 48-h intervals compared to a single dose of radiation prolonged animal survival (31) . Anti-CD137 antibody was given by intraperitoneal injection at a dose of 200 mg 3 days apart on days 18, 21 and 24 (32) . Control mice received isotype control rat IgG2a (clone 2A3, Bio X Cell, West Lebanon, NH).
Treatment Protocol
To establish intracerebral (i.c.) tumors, GL261 glioma cells (1 3 10 5 ) were implanted in the brains of 10-to 12-week-old female C57BL/6 mice (20 g) as described previously (8) . Briefly, animals were anesthetized with xylazine/ketamine (10 mg/kg xylazine/90 mg/kg ketamine) and a burr hole was drilled into the skull 0.1 mm posterior to the bregma and 2.32 mm lateral to the midline. GL261 cells (5 3 10 7 /ml) in 2 ml of medium were inoculated stereotactically using a head frame (David Kopf Instruments, Tujunga, CA) in the defined location of the caudate/putamen (0.1 mm posterior to the bregma, 2.32 mm lateral to the midline) using a 10-ml Hamilton syringe (no. 80301, Reno, NV) with a 1-in. 30-gauge needle attached and inserted into a Kopf microinjection unit (Model 5000 with Model 5001 Hamilton syringe holder). The needle was advanced to a depth of 2.35 mm from the cortical surface and the cell suspension was delivered slowly over the course of 3-4 min. After injection, the needle was left in place for 2 min, after which time it was raised to a depth of 1.5 mm below the dura and left in place for an additional minute. Upon withdrawal of the needle, the burr hole was immediately sealed with bone wax and the incision was sutured.
On day 15 after implantation, mice were randomly assigned to four treatment groups: (1) sham irradiation and non-specific rat IgG; (2) whole-brain irradiation given in two fractions of 4 Gy, 48 h apart on days 15 and 17 and rat IgG; (3) anti-CD137 mAb alone; and (4) whole-brain irradiation and anti-CD137 mAb. The experiment was repeated twice, with similar results. The combined results represent nine mice per group.
Survival was followed and recorded as the percentage of surviving mice over time (in days) after tumor inoculation. Mice were observed twice weekly, and when they showed signs of neurological deficit (lethargy, failure to ambulate or lack of feeding resulting in loss of .20% body weight) they were euthanized. Early signs of motor deficit in the animals were demonstrated by allowing them to grab the top of the cage with their front paws. Failure to grasp the cage top with their paws is an indication of weak paresis.
Animals were anesthetized and then perfused transcardially with PBS followed by 4% paraformaldehyde. Brains were removed and placed in cold 4% paraformaldehyde overnight, then sliced into 2-mm coronal sections prior to processing and embedding in paraffin. Tumors were measured grossly in three orthogonal axes to determine tumor volumes. Hematoxylin and eosin (H&E)-stained coronal sections were used as a check of tumor volumes and for overall tumor histopathology.
Assessment of Antitumor Immune Response
Antitumor immunity in the long-term survivors was assessed using subcutaneous (s.c.) tumor rechallenge to assess their systemic state of immunity. Control naïve 6-to 8-week-old female C57BL/6 mice or long-term surviving animals were challenged by s.c. injection in the hind limb of GL261 cells (2 3 10 6 ) in 0.05 ml of serum-free medium. Long-term survivors were challenged at 8 or 16 weeks after i.c.
RADIOTHERAPY ENHANCES ANTITUMOR EFFECT implantation in the two independent experiments, respectively. Tumor growth was measured twice weekly using calipers and tumor volumes were calculated using the formula (length 3 width 2 )/2, where the length represents the longest axis and the width was measured at right angles to the length. Animals were observed for an additional 60 days and/or killed when tumor volumes reached approximately 2000 mm 3 . Brains from long-term survivors were harvested and H&E-stained coronal sections were examined for overall brain histopathology.
Assessment of Tumor-Infiltrating Lymphocytes (TILs)
On day 22 after implantation, mice were euthanized for the collection of brains and spleens (see cIFN Assay). Brains were harvested and tumor-bearing hemispheres from two mice per treatment group were processed into single cell suspensions and the lymphocyte-enriched fraction was obtained using a Percoll gradient as described previously (8) . Each brain was removed and the tumor was finely minced with a razor blade and then homogenized in 5 ml of PBS in a Dounce Homogenizer (7 ml, Pyrex no. 7727-07). The homogenate was drawn up into a 12-ml syringe fitted with a 21-gauge needle and passaged 10 times through the needle. The final cell suspension was filtered through a 40-mm nylon mesh strainer into a 50-ml tube. The cell suspension was centrifuged at 400g for 10 min at room temperature. The pellet was resuspended in 4 ml of 30% isotonic Percoll and overlaid on a Percoll gradient and centrifuged at 500g for 20 min. Lymphocytes were collected from the 37% to 70% interface, washed once in PBS, and counted in a hemacytometer. Aliquots of cells (1 3 10 5 ) were blocked in 10% normal mouse serum in PBS for 15 min at room temperature followed by staining with FITC-CD3, PE-CD4 and PE-Cy5-CD8 monoclonal antibodies (BD Pharmingen, San Jose, CA) for 30 min on ice. Cells were washed, resuspended in 1% paraformaldehyde, and analyzed using a FACScan flow cytometer (BD Biosciences, Bedford, MA) and FlowJo software version 6.4.4 (Tree Star, Ashland, OR). The total numbers of CD3 z
CD4
z and CD3 z CD8 z T cells were calculated by multiplying the percentages of cells positive for each marker by the total number of viable cells obtained from the two pooled brains by the percentage of cells in the lymphocyte gate, as described previously (8) . Two independent experiments were performed with similar results.
cIFN Assay
On day 22 after implantation, mice were euthanized for the collection of spleens and brains (see TIL Assay). Splenocytes (5 3 10 6 ) were cultured for 5 days in a six-well plate in the absence or presence of irradiated GL261 cells (1 3 10 5 ) in RPMI 1640 medium supplemented with 2 mM L-glutamine, 100 U/ml penicillin, 100 mg/ml streptomycin, 50 mM 2-mercapthoethanol, 10% FBS (T-cell medium) and 30 U/ml human rIL-2 (provided by the National Cancer Institute BRB Preclinical Repository), as described previously (33) . cIFN was measured in cell-free supernatants by ELISA (Diaclone Tepnel, Lifecodes Corp., Stamford, CT). Tumor-specific cIFN production was calculated by subtracting the background values measured in supernatants of spleen cells cultured with medium alone. Two independent experiments were performed with similar results.
Statistical Analysis
Comparisons of survival curves of different groups were made by the log-rank test. P values ,0.05 were considered significant.
RESULTS
Radiation Enhances Antitumor Effect of Anti-CD137 Therapy
In agreement with our previous results, the median survival time was 31 days for control animals treated with rat IgG and 37 days for animals treated with wholebrain radiation and rat IgG (Fig. 1B) (8) . Administration of anti-CD137 in the absence of radiation resulted in a median survival time of 42 days. Mice treated with the combination of radiation and anti-CD137 had a median survival of 114 days. This result was significantly superior when compared to the rat IgG group (P 5 0.0009), the group treated with anti-CD137 alone (P 5 0.0038), and the radiation plus rat IgG group (P 5 0.036).
To test whether the long-term survivors had developed a protective antitumor memory response, the eight surviving animals (2/9 from radiation alone group and 6/9 from the combination radiation and anti-CD137 group) were challenged with a tumorigenic inoculum of GL261 cells in the hind limb together with a control 428 group of naïve animals who received the same tumorigenic inoculum (n 5 9). Tumor development was monitored for an additional 60 days (Fig. 1C) . All nine naïve animals had palpable tumors by 21 days. In contrast, only two of eight (25%) long-term survivors developed tumors at the site of challenge: one animal from the radiation group and one animal from the combination radiation and anti-CD137 group (Fig. 1C) .
Brains from all eight long-term survivors lacked histopathological evidence of residual tumor.
Antitumor Response Correlates with Increased TILs in the Tumor
The evidence of a protective antitumor response in mice that survived long-term (Fig. 1C) supports the interpretation that treatment elicited an adaptive immune response. To monitor the immune response associated with the inhibition of the i.c. gliomas, brains from animals in each of the treatment group were harvested on day 22 to determine the numbers of CD8 and CD4 T cells infiltrating the tumors. As predicted, at this early time, tumors were smaller in all mice from the three treatment arms compared to the control group (Fig. 2A) .
The density of TILs was highest in the brains of the radiation z anti-CD137-treated animals ( Fig. 2B and  C) . Specifically, TILs in this group showed a 36-fold increase of CD8 and a 13-fold increase of CD4 T cells compared to control, rat IgG2a-treated mice. Radiation treatment alone increased CD8 and CD4 cells by sixfold while anti-CD137-treated animals showed a fourfold increase of CD8 and CD4 cells compared with the control group (Fig. 2C) .
Antitumor Response Correlates with Increased cIFN Production
Splenocytes from mice in each treatment arm from the same experiment were also isolated at day 22 after i.c. inoculation of GL261 glioma cells and assessed for cIFN production. In mice treated with radiation z anti-CD137 tumor-specific cIFN production was increased 13-fold compared with the rat IgG2a-treated mice (Fig. 3) . Anti-CD137-treated animals showed a threefold increase in cIFN production compared with the control.
DISCUSSION
We showed previously in the GL261 mouse model that whole-brain irradiation can be combined success- Ionizing radiation has been shown to induce an immunogenic cancer cell death and promote crosspriming, i.e., the presentation of tumor-derived antigens to antitumor T cells (34) (35) (36) . Consistent with the concept that radiation can promote antitumor immunity, a small percentage of mice treated with radiation alone survived long-term and showed a memory response capable of rejecting a peripheral challenge with GL261 cells (Fig. 1B and C) . However, radiation by itself was unable to induce tumor-specific cIFN production (Fig. 3) , suggesting that T cells primed in the absence of CD137 co-stimulation tend to either proliferate less or survive less. In contrast, anti-CD137 by itself was able to enhance tumor-specific cIFN production, suggesting that it can expand T cells that were spontaneously primed by tumor antigens, possibly derived from cells dying during tumor growth. However, the therapeutic effect of anti-CD137 was limited, likely due to the inefficient infiltration of the tumor by effector T cells (Fig. 2C) . Overall, our data suggest that CD137 costimulation and some of the effects of radiation on the immune system are independent and that they can potentially complement each other. Whereas CD137 costimulation mostly supports the development and survival/expansion of tumor-specific T cells (18, 19, 22) , whole-brain irradiation, even at these moderate doses, has a cytocidal effect on the tumor, enhances MHC class I expression on invading glioma cells (8) , and improves the recruitment and/or infiltration of T cells into the tumors (26, 37) . While the combination of radiation and CD137 co-stimulation achieves a markedly improved tumor control as reflected by a significant therapeutic effect, the precise mechanism of this cooperation remains elusive.
Only two antibody-based therapeutics targeting coinhibitory or co-stimulatory pathways have been tested in preclinical mouse models, monkeys and humans. Two monoclonal antibodies to CD152 [also known as cytotoxic T-lymphocyte antigen-4 (CTLA4)], have been generated ipilimumab (MDX-010; by Medarex and Bristol-Myers Squibb) and tremelimuab (CP-675,206; by Pfizer). Antibody-mediated CTLA-4 blockade enhances the ability of T cells to become activated in conditions of suboptimal co-stimulation (38) . After extensive preclinical testing in animal models, the antibodies entered clinical trials for the treatment of melanoma patients due to acceptable toxicity profiles and demonstration of modest antitumor activity (39) . CD137, also known as 4-1BB, has been shown to augment CD4 and CD8 T-cell responses (40) . CD137 is expressed on CD4 and CD8 T cells only after immune system stimulation. CD137 is also expressed on activated NK cells and monocytes. Binding of 4-1BB to its ligand (4-1BBL) induces a signaling cascade in T cells that promotes their activation, survival and growth. After preclinical testing in several animal models, the fully human agonist antibody specific to CD137 receptor (BMS-663513, Bristol-Myers Squibb) was entered into clinical trials for patients with metastatic or locally advanced solid tumors. Overall, the treatment was very well tolerated (41) .
In summary, the antibody-based targeting of the immune molecules CD152 and CD137 were first tested in preclinical mouse models and then successfully translated to the clinic for treatment of patients with advanced solid malignancies with acceptable toxicity levels. In view of these promising preliminary results, this combination approach should be studied further for clinical translation. The findings are particularly relevant since re-treatment of initially irradiated recurrent FIG. 3 . Antitumor response correlates with increased cIFN production. Splenocytes were harvested on day 22 for cIFN production and co-cultured in the absence or presence of irradiated GL261 cells for 5 days. cIFN secretion was measured in cell-free supernatants by ELISA in duplicate. Tumor-specific cIFN production was calculated by subtracting the background value obtained with medium alone. Results are averages of two pooled spleens in each group. One representative experiment from two independent experiments performed is shown. WBRT: whole-brain irradiation.
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glioma patients is often feasible only with low doses of radiation. CD137 and re-irradiation could present a viable alternative.
